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The Structure of the High Pressure Carbon Bands and the Swan
System.

By R. C. Jouxnson, M.A., D.Sc., and R. K. Asunpi, B.A., M.Sc., University
of London, King’s College.

(Communicated by T. R. Merton, F.R.S.—Received May 8, 1929.)

Introduction.

The so-called high pressure “ CO ” bands—or high pressure carbon bands,
as they are better called—were first found by Fowler* in 1910 in tubes con-
taining carbon monoxide at relatively high pressures. The system was
described as consisting of some six apparently double-headed bands degraded
to the violet, their wave-lengths being approximately at—

6441 } 5897 } 5431 } 5030} 4679 } 4365} AU

6420 5878 5413 5015 4663 4353 o
In 1923 the conditions of production of this spectrum were further investigated
by Merton and Johnson} who obtained the bands with considerable strength
by condensed discharges in capillary tubes fitted with carbon electrodes,
and containing CO at pressures of 5 mm. and more. It was found that while
the high pressure bands and the Swan bands were mingled in the light from
the capillary of the tube, the former bands were isolated in bluish jets where
the two ends of the capillary merged into the wider parts of the tube. Further
observations indicated that the introduction of a little CO, destroyed the bands,
but that thesystem re-apppeared after a few minutes,in which time presumably
the carbon dioxide had been reduced to monoxide by the carbon electrodes.
‘A reproduction of these bands photographed under low dispersion is given in
the above-mentioned paper.

No further experimental work appears to have been done on this system,
and it has not been correlated with any other band system or assigned any
place in the system of electronic levels of the CO molecule. We have therefore
made an attempt to photograph the system under high dispersion with a view
to fine structure analysis and identification of the molecular emitter. For
this purpose large discharge tubes having a bore of about 15 to 20 mm. and
a length of 60 or 70 cm. were used. These had at least one of the electrodes

* ¢ M.N.R.A.S.,” vol. 70, p. 484 (1910).
T ¢ Roy. Soc. Proc.,” A, vol. 103, p. 386 (1923).
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made of carbon and were fitted with side bulbs containing caustic potash and
phosphorus pentoxide and a palladium regulator. The tubes were filled with
carbon monoxide to such a pressure (probably 20-40 mm.) that a condensed
discharge could just be forced through by the } kilowatt 15,000 volt trans-
former used. Some of the tubes had large side flasks attached to them,
increasing thereby the volume of gas in the tube, and giving the tubes a life
of 4 to 6 hours during which the high pressure bands were emitted strongly.
After some such period the pressure fell below the optimum value, and deposits
of carbon had accumulated on the walls of the tube. Impurities such as
hydrogen, carbon dioxide, and water-vapour were found to inhibit formation
of the high pressure bands, and the tube always attained its best condition
after running for about an hour (removing meanwhile any little hy&rogen
present through the regulator). Under these conditions the wide bore is
practically filled with light, and presents a remarkable appearance, as of dense
pale blue puffs of smoke (showihg the high pressure system), threaded by a
narrow green ribbon (showing the Swan system). If side tubes having a fair
capacity (e.g., flasks) are attached to the discharge tube the high pressure glow
is capable of diffusion into these. The appearanceissuggestive of an afterglow
emitter, but if this is its true nature it is of very short duration. Photographs
of the H.P. bands were taken in times varying from 4 to 10 hours in the first
order of a 21-foot grating. The green band in the neighbourhood of A 5000
is exceedingly faint and was not attempted. Before considering the results
obtained it will be an advantage to summarise our present knowledge of
the Swan spectrum and its emitter, with which it will subsequently be shown
that the high pressure carbon system is intimately related.

The Swan System.

The origin of this system has been the object of much controversy, although
recently general agreement appears to have been reached that the emitter is
a Cy molecule. In 1926 an investigation of the system was made by one of the
writers* who arrived at the conclusion that a HC-CH molecule was responsible.
Since that time the definite recognition of band spectra from the molecule
BeOf (which has the same number of electrons as C,), and more especially
the rapid theoretical developments due to the work of Mulliken] and others,
have not only removed any intrinsic objection to a C, emitter but have given it

* ¢ Phil. Trans.,” A, vol. 226, p. 157 (1927).

T ¢ Roy. Soc. Proc.,” A, vol. 122, p. 211 (1929) ; ¢ Phys. Rev.,” vol. 33, p. 163 (1929).
I ¢ Phys. Rev.,” vol. 29, p. 637 (1927).
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strong support. In addition, experimental work such as that of Pretty,*
has shown that the Swan bands can be produced by a condensed discharge
through CO, free as far as possible from hydrogen and water-vapour, and with
an intensity apparently independent of the amount of hydrogen which may be
introduced. Mention may also be made in passing of a paper by Shea,t who
has published detail of a fine-structure analysis of five bands of the Swan
system, in which a correction has been made to the author’s previously assigned
j-values. Shea has also derived accurate values of the molecular constants.
In the next section of this communication it will be shown that the Swan
system and the H.P. carbon system have a common final state, and this
furnishes entirely new and reliable evidence that the emitter responsible for
“both systems is certainly not a hydrocarbon and must indeed be a C, molecule.
The inhibiting effect of hydrogen on the H.P. carbon system is deﬁnitely against
a hydrocarbon emitter on the one hand, while on the other hand there is con-
vincing evidence against an oxycarbon emitter for the Swan system (vide
¢ Phil. Trans.,” vol. 226, pp. 186-190). On the basis of a C, emitter much, if
not all, of the experimental data described in that paper find a favourable
explanation in the light of more recent developments. We take a few examples
of this. The similarity between the Swan spectrum and the Second Positive
Nitrogen spectrum—while a close one—is by no means as complete as was
previously supposed. Both systems arise from P —3P transitions and the
band structure in both cases exhibits 6-type rotational doubling. In the Swan
molecule, however, rotational levels of one of the electronic states are completely
suppressed (giving rise to the recorded staggering effect in the band structure),
while in the Nitrogen molecule there is only a parital suppression. It may also
be mentioned that while the two 3P states of the N, molecule are normal those
of the Swan emitter are probably inverfed. Such differences are intelligible if
the emitters are C, and N,. Other experimental observations such as the
association of the Swan bands with the CH bands A 4315, ete., are to be expected
under the experimental conditions described in the above-mentioned paper in
which both carbon and hydrogen were present. Hqually it is to be noted,
Pretty’s experiments produced the Swan bands in CO when no trace of the CH
bands or Hx was observed. These facts are consistent with a C, emitter and
the present writers endorse this view.

* ¢ Phys. Soc. Proc.,” vol. 40, p. 71 (1928).
1 ¢ Phys. Rev.,” vol, 30, p, 825 (1927).
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Correlation of the H.P. Carbon Bands and the Swan System.

The six recorded H.P. bands belong to a single »n” progression (n' = 0).
The proximity of the coefficient of #’” to that of the Swan system first suggested
the possibility of a relationship between these systems. A careful search was
subsequently made in the near ultra-violet and four comparatively faint bands
were recorded. These therefore become the (0, 02, (0, 1), (0, 2), and (0, 3)
bands of the system, and the correct »n”’ values of the six previously known
bands are given by (0, 4) to (0, 9). By the use of neo-cyanine plates we have
also identified two additional bands (0, 10) and (0, 11) in the near infra-red.
These data are given in Table I and have been expressed by the formula :

v = 29212 — (1627n"" — 11-Tn'?) (1)
Table I.—High Pressure Carbon Bands.
'’ . A (air) Av
(0’ = 0). Int. LA. Vvac: 0.-C.
0 1 3419 29241 +29
1 1 3619-5 27620 +23
2 1 (Conf.) —
3 2 4093 24426 —10
4 7 4368-82 22883 — 8
5 15 4680-17 21361 — 8
6 1 (V. Faint) —
7 5 5434-93 18394 — 2
8 10 589927 16946 + 2
9 8 6442-27 15518 + L
10 6 7083 -2 14114 + 2
11 4 78525 12731 0

The (Obs.~Cale.) values of column 5 are satisfactory when it isrecalled that the
bands (0, 0) to (0, 3) are particularly faint and settings were made on the
apparent centre of the unresolved band-work. The other data refer to the
band heads, all of which are degraded to the violet. The intensities of column
2 are approximate photographic intensities only, and are to be regarded as
descriptive rather than quantitative. They illustrate, however, the main
features of the peculiar intensity distribution, which has a notable minimum
at about the (0, 6) band. The same oscillating intensity phenomenon is also
found in the § bands of NO (2P —2P),* and as far as we know it has received no
theoretical explanation. Equation (1) may be compared with the expression
for the origins of the Swan system : '

v = 1937920 4~ (1773-42n" — 19-35n%) — (1629-88n"" — 11-67n"2). (2)
* ¢ Phil. Mag.,” vol. 2, p. 631 (1926).
2z2
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Itis at once apparent that the two-band systems have a common final electronic
state, which is almost certainly the normal state of the C, molecule. The
small difference between f (n) as deduced from the H.P. carbon system and
the Swan system is accounted for by the fact that in the former case the wave-
numbers relate to band heads, and in the latter case to band origins.

It may perhaps be mentioned at this point that the apparent doublet
character of the H.P. bands as seen under low dispersion is due merely to con-
densations which constitute the P and R branches.

Fine-Structure of the H.P. Carbon Bands.

As previously mentioned, photographs of the H.P. carbon bands have been
obtained in the first order of a 21-foot grating of the bands (0, 4), (0, 5), (0, 7),
(0,8)and (0,9). Exceptin the case of the (0, 5) band these were not sufficiently
strong to permit of satisfactory reproduction. The H.P. bands bear an excep-
tionally close resemblance in their fine-structure to the Swan bands as developed
under low temperature conditions, and the Swan band A 4737 of spectrum 3
(“ Phil. Trans.,” vol. 226, opp. p. 230, 1927) may be taken as typical of the
appearance of the H.P. carbon bands.

The H.P. bands consist of P and R branches only, and they undoubtedly
represent a transition P —3P. In the absence of fine-structure data Mulliken*
had speculated that they might possibly arise from a 'P —1P transition of the
molecule C,. This is now, however, seen to be impossible. We thus have
knowledge at present of three levels of the C, molecule and these are all 5P
levels. As in the case of the Swan bands, the first 16 to 18 members of the P
branch (which goes to the head) either are not of sufficient strength or are
insufficiently resolved to make identification possible. Under low tempera-
ture conditions, these constitute almost the whole of the P branch, and thus
no analysis of the data by means of the combination principle has been possible.
We have, however, been able to distinguish many of the triplets of the R
branches of the bands, and to trace these, in part or whole, back to the band
origins. The data for the (0, 7) yellow-green band proved somewhat frag-
mentary in this respect, and have therefore not been included in this paper..
The data in the case of the violet (0, 4), blue (0, 5), yellow (0, 8) and red (0, 9)
R branches are of sufficient reliability and interest to justify their inclusion.
Tables I, IIT, IV and V contain these data. It was at first intended to make
calculations of the moment of inertia of the molecule in several of the final
vibrational states, by analysis of the data of the R branches only, but the

* ¢ Phys, Rev.,” vol. 32, p. 214 (1928).
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existence of perturbations led to the abandonment of this project. Never-
theless, the application of approximate graphical methods to the data, indicated
for the moments of inertia of the vibrational states n'’ = 5, 8 and 9, values of
the same order as those which are deducible from analysis of the Swan system.

Table IT.—(vys,) R-branch Data of H.P. Band A 4368-82.

i Ry A R,. Ay R,
34 22036-4
43 { 38-3
5% 40-0
6} j 428 (6-4) 22036-4
[T 45-2 (5-2) 40-0
8% 47-4d (4-6) 428
93 50-3d (4-3) 46-0d
103 53'7dj (3-4) 50-3d
113 2205764 (0-4) 57-2d @-5) 54-734
123 61-7 (1-0) 60-7 @-3) 58-4
13} 67-31 (1-57) 65-74 (1-33) 64-41
14} 7260 (1-39) 71-21 (1-69) 69-52
15} 76-20 (1-13) 75-07 (1-05) 74-02
16} 80-65 1-11) 79-54 (1-22) 78-32
173 84-27 (0-94) 83-33 (0-81) 82-52
183 89-22 (1-08) i 88-14j (1-08) 87-06
19} 92-40 (0-54) 91-86 (0-66) 91-20
203 98-02 (0-81) j 97~2J — —
213 — — L 9940 (0-39) 99-01
<
$
<
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Table IT11.—(vyas) R-branch Data of the H.P. Band A 4680-17.

i R, Ay R,. Ayo- R,
13 214102 (12-4) 21397-8
21 4' 12-1 (10-1) 214020
3} 14-0 (87 05-3
43 j 15-74 (6-3) 09-4
5% 18-7d (517) ' 13:0
6} j (5-4) 15.7
7% 235 (4-8) 18-7d
81 21427-3 (0-7) j 26-6 j (4-5) 22-1
93 31-3 (1-2) 30-1 (3:53) 2657

104 35-23 (1-5) j 33- 74$ - (3-61) 30-13
11} 38:97d (1-5) 37-48 (3:0) 3450
123 43-15 (1-61) j 41-54 (2-8) 38-77d
134 46-99 (2-21) 4478 (1-63) 43-15
14% 50-52 (1-45) j 4907 (1-53) - 4754
154 5449 (1-12) 53-37 (1-10) 52.27
16} 59-41 (1-13) j 58-28 (1-18) 57-10
174 63-40 (0-79) 62- 61} (0-94) 61-67
181 68-98 (1-07) j 67-91 (1-12) 66-79
193 72.55d (0+48) L 72.07d (0+70) 71-37

< =

3 4

< M
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Table IV.—(Vyac) R-branch Data of the H.P. band A 5899-27,

g R,. dyy. R,. Ao Ro.
1} .o 16976-4d
23 4, 78-3d
3% 80-3d
[
53 85-55
63 87-8 (5+4) 16982 -4
73 9076 (5-2) 8555
8% 16995-45 (1-05) 94-4 j (4-8) 89-6
94 17000-11 (1-8) 98-33 (3-95) 94-88
104 04-93 (2-1) 17002-81 (8-9) 9392
11% 09-68 (2-42) 07-26 (3-11) 1700415
123 14-76 (2-4) 12-37 (3-17) 09-20
13} 1859 (2-14) 16-45 (1-71) 14-74
144 23-46 (1-62) 21-84 (1-52) 20-32
154 28-44 (1-18) 27-31 (1-13) 26-18
16} 34-94 (1-36) 33-58 (1-29) 32-29
173 40-18 (0-90) 39-28 (0-91) - 38-37
184 C 4749 (1-22) 46-27 (1-22) . 45-05
193 52-53 (0-59) 51-94 (0-82) 51-12
20% 60-88d — 5959 — —
214 —_ — — — —
223 75.16 (0-74) 74-42f (1-05) 73-37

A

0 )
)
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Table V.—(vyac) R-branch Data of the H.P. Band A 6442-27.
i R,. 4. R,. Ay Ry
13 16545-15
23 47-17
33 49-1d
43 5128
5} 553
6} 56-6
73 59-7
84 165648 (1-12) § 6368 (4-94) 1555874
9} 69-65 (2-0) 67-68 (4-24) 63-44
10} 74-8 (2-5) j 7229 (376) 68-53
113 79-78 (2-63) 77-15 (3-14) 74-01
123 8518 (2-84) 8234 (310) 7925
133 89-10 (2-22) 86-92 (1-74) 85-18
14} 9408 (1-52) 92.56 (1-53) 91-03
15} 99-77 (1-23) 9854 (1-13) 97-41
163 1560630 (1-23) 15605-07 (1-24) 15603-83
173 12-39 (0-94) 11-45 (0-93) 10-52
18} 19-76 (1-12) } 18-64} (1-18) 17-46
194 25.78 (0-67) L 2511 (0-73) 24-38
< M
t t
< m

Perturbations.—The existence of perturbations in the R branches is exhibited
by plotting the second differences (using the central component of each triplet)
against j; values. Instead of being constant, these exhibit a violent oscillation.
In fig. 1 are plotted such data derived from Tables ITI, IV and V (the violet
band includes a few somewhat uncertain identifications and is therefore not
used). Itis, of course, true, that if a line has been incorrectly identified, then
an oscillation of the A2R (j;) : j; curve will result. It will be observed, however,
that there is a very precise correspondence of the deviations in all three bands.
It is certain that perturbations are largely responsible for the curves of fig. 1
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since otherwise (a) the close correspondence of the curves would require that
a similar error (in both magnitude and direction) must have been made for

AZR .
W'
0

251

2-0

1

" L.\ " " " " .
10‘/2&‘1 3% I6Y 19%

F1e. 1.—Perturbations in the R Branches of the H.P. Carbon Bands,
® Blue Band. X Yellow Band. [5] Red Band.

the corresponding member of each band, and (b) the fact that the second
differences derived from the two alternate-missing-line series fall in the case
of each band on to a fairly smooth oscillating curve will be unexplained. It is
difficult with the present available data to say precisely which members are
perturbéd. There certainly appears to be a range of considerable disturbance
between R (12%) and R (7}). It is clear that the perturbations are associated
with the initial (excited) level of the H.P. bands since (@) they are common
to all of the bands examined of the ' = 0 progression, and (b) there is no per-
turbation of the fine-structure of the Swan bands for these j; values.

Attention may be drawn at this point to a feature which will be mentioned
later, and which is shown in fig. 4. This is of the nature of a perturbation but
appears to affect in this special way only the less refrangible components of the
triplets. We refer to the discontinuity of about 1 v which occurs between
j: =121 and 133.
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General Fine-Structure Interpretation.—From the close similarity of the
Swan system and the high pressure carbon system, arising as they do in
3P - 3P transitions in the C, molecule, it follows that within certain limitations
to be discussed in the next section, the general interpretdtion of Swan structure
given by Mulliken* is equally applicable to the H.P. bands. Fig. 2 illustrates

RBranch
1% 2% 3% 2%3% 4%
1% 1%2% 3‘/

1]

P-Branch

1%243% % a2k
2% 3% 4‘% l’fz Z‘é ’i‘/z

A

H ! H Vb T .
H i i R b 1
Z‘Q% 5‘5 l*i—> ZV <—~/ -transitions —» 2% ->1% 3> 2Y4
(A—>A) (B—B) (A->A)  (B—~B)

v-»(increasing)

Fia. 2.—Fine-Structure near the Origin of typical H.P. and Swan Bands.

diagrammatically the structure of a typical Swan or H.P. band in the neighbour-
hood of the origin (except that to avoid confusion the rapid diminution in triplet
width as we proceed outwards from the origin has not been indicated). Fig. 3

.. Electronic

J,  Ri» Rew Pew PGy
A A A Py

N,
@ ¢
@
»
ie]

3%

Sow N
SO
w
-d

W N =
K K
w
*d

& %
w
]

)
Ity
wytWe > W We > W W >

N

Ny
M

Rl

1l s T 1% °R

Fi1a. 3.—Rotational Transitions in a typical Swan Band.

has been constructed to show the precise transitions which are responsible for
the band structure of fig. 2 in the case of the Swan bands. A slightly different
* ¢ Phys. Rev.,” vol. 29, p. 644 (1927).
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diagram appropriate to the H.P. bands is given later in fig. 5. In fig. 3 three
rotational levels corresponding to values of j;* = 1}, 24, 3%, ..., have been
drawn for each electronic state. Each rotational level is triple due to the
presence of a resultant electronic spin momentum s = 1. Kach component
level is thus characterised by j =j; + 8, Ji, j — s, which is the vector sum of
jiand s. Each component of the triple levels is again double, the sub-states
being denoted A and B (this is the so-called o-type doubling). Transitions
between sub-states A -~ A and B - B are permitted in the formation of P and
R branches, and of the type A - B and B - A in the formation of Q branches.
This particular hypothesis is at present accepted as a convention only, inasmuch
as the reverse limitation may really be the true one.

The phenomenon of alternating intensities in band lines which occurs in all -
symmetrical molecules is manifest here in the case of C,. Analysis of the He,
bands originally showed that the particular suppressed levels for the A and B
sub-states were given by

j;=cl—|— %‘, Gl+2%, G;+ 4% ...... Btype }
h=o+1, o;+3% o+5bF...... A type

and in the absence of evidence to the contrary it may be assumed that this is
generally true for homo-polar molecules. Here, as we are dealing with P
states we have o, = 1. In He, we appear to have an extreme type of symmetry
in which complete suppression takes place for all electronic levels in accordance
with equation (3). It will therefore be clear from fig. 3 that in He,, transitions
between like electronic states, e.g., 1S =18, 3P —3P will be impossible. In
the Second Positive Nitrogen bands (3P —3P) there is but partial suppression
of the sub-states given by equation (3) for the various electronic levels. This
means of course merely a reduction of intensity. All the six components
corresponding to a single rotational transition Aj; = 4- 1, 0, are thus present.
The Swan triplets indicate total suppression in one of the electronic states
only, although in the absence of further information from other spectra of the
C, molecule it would remain an open question whether this was in the initial
or final state. The similar triplet structure of the H.P. carbon bands suggests
—though it is not conclusive—that total suppression probably takes place in
the common final state. It is not possible with the available experimental
evidence to say whether partial suppression takes place in the initial electronic
state as well, since, as fig. 3 will show, successive triplets would be reduced in

* 4, replaces the j, of Mulliken’s earlier papers, and o, replaces o;. For the latest
notation vide ¢ Phys. Rev.,” vol. 32, p. 186 (1928).
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intensity to the same extent. The intensities of the initial levels in fig. 3
have been drawn to indicate how partial suppression would operate, on the
assumption that it does so. It will be clear from the figure how the joint
action of the two effects : o-type doubling and suppression of alternate rota-
tional levels, results in the so-called ““ staggering ” in position of the triplets
of fig. 2. This phenomenon occurs in both the Swan and the H.P. carbon
bands.

In regard to the number of missing lines near the origin, the minimum value
of j;is limited by j;> o;, and o; for both initial and final states is 1. As we
are dealing with a molecule having an even number of electrons j; takes half-
integral values (using the old quantum theory), and its minimum value in
both initial and final states is 1. The first observable triplets of the two
branches R (j;), P (4;) are therefore R (1}) and P (23).

There remains one further remark to make in explanation of the labelling
of the three components of any triplet as Ry, R;, Ryor Py, P, Py, A somewhat
different, and purely arbitrary numbering has been used by Mulliken* to
distinguish the three components in the case of the Swan system. The
designation employed in figs. 2 and 3 has the advantage of representing in the
subscript a definite physical quantity o, which on account of the selection
principle Ac, = 0 is the same in the initial and final states. :

The Triplet Intervals in the H.P. System.—The variation in trlplet width
from large values near the band origin to vanishingly small values for j; large,
is attributable to a change of the condition of the molecule from Hund’s case
(@) to Hund’s case (b).T The facts briefly stated are these. In a diatomic
molecule the total orbital angular momentum of the electrons, represented by
the quantum number ! (the group quantum number of atomic spectra), is in
precession about the strong electric field along the inter-nuclear axis. The
quantised component of ! along this axis, viz., o;, is therefore responsible for
a magnetic field in this direction, which, under the conditions of case (a) is
the dominating magnetic field of the molecule. The resultant electronic spin
momentum s (the algebraic sum of the several electronic spins s, = - %)
which is orientated by the internal magnetic field of the molecule is thus
quantised with respect to the inter-nuclear axis, aboyt which it precesses. Its
quantised component o, along this axis may therefore take any one of the
values lying between s and —s. In the case of a 3P molecular state we thus
have 6; =1, s =1, and hence o, =1, 0, —1. This gives three values for

* ¢ Phys. Rev.,” vol. 29, p. 644 (1927).
T ¢ Z. Physik,’ vol, 36, p. 657 (1926).
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6 (= 6; + o), viz., 2, 1, and 0, which distinguish the three components of each
rotationallevel. The vector sum of 6 and m givesj the total angular momentum
of the whole molecule. The rotational terms in Hund’s case (a) are therefore
given by
F(j) =f(c) + B(52 —o?) 4)
giving the triple structure when for ¢ its three values 0, 1 and 2 are substituted.
Case (b) arises when o; no longer gives rise to the dominating magnetic field
in the molecule, and when as a result, it is no longer in exclusive control of the
orientation of s. When, for example, rotation of the molecule takes place,
there is a magnetic field along the m-axis, and s will then be quantised with
respect to the resultant field, ¢.e., along the j; axis. This quantum number may
appropriately be described as j,, and may take values lying between s and —s,
(precisely as did o, above). The resultant momentum of the whole molecule
is here given by j =j4;+ ;. The structure of the rotational terms is then
given by
F() =103 + B2 — o) (5)
corresponding to triplets of constant separation when case (b) is fully attained.
In practice between low and high values of j there is a transition stage in
which we pass from conditions of approximately case (@) to case (b). This
variable element in the triple separation is represented by the term f(j, ;)
which for large j values will, of course, attain a constant value dependent
on the particular value of j;.
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We proceed now to consider the special case of the triplet intervals in the
H.P. carbon bands. The data for the R branches of the red, yellow and blue
bands have been plotted in fig. 4, and for comparison the triplet intervals of
the Swan band A 5165 have been plotted on the same diagram. The j; axis
represents the position of the central component R, and the separations of the
less refrangible and more refrangible components R, and R, respectively, are
plotted above and below the line. There are several remarkable features.

(1) There is a notable discontinuity in the disposition of the R, branch
at 7, = 124 : 134, (To avoid undue complication of the R, branch below this
point a smooth line has been drawn in the case of the red band only.) The
effect is very remarkable and occurs in the case of all the bands at precisely
this value of 5;.

(2) The R, branch presents an anomaly of a different character, which appears
to begin at about the same value of 7; as the above and may be related to it.
The R,R, interval gradually ceases to increase as j; diminishes, and ultimately
a coalescence of the R R, components takes place at about 5; = 7%. The
deflection of the R, component in fig. 4 appears the most marked in the case
of the blue band, and it would be of considerable interest to have information of
the magnitude of this effect in the bands of still lower final vibrational quantum
number.

(3) Asin the case of the Swan bands for high 5 values, there is a more rapid
approach of R, to R, than of R, to R,, ultimately, we may presume, resulting
in a coalescence of the two components. In the Swan band A 5165 this takes
place at about j; = 50. We may perhaps summarise this anomaly and the
preceding one described in (2) by remarking that there appears to be much
less permanency about the component branch which has j, in the same sense
as Ji.

(4) The variation of triplet width with vibrational quantum number is
comparatively small, especially for the higher j; values (excepting of course,
the anomalous region below 131 of the R, branch). The graph of triplet width
for the (0, 0) Swan band in fig. 4 would thus be but little different for the (0, 1),
(0, 2), ete., bands. It will be observed that the triplet width in the H.P.
carbon bands is greater than that of the Swan bands. These observed triplet
widths represent, as we see from fig. 3, the difference between the triplet
separations of the initial and final electronic states. We should anticipate this
feature as a consequence of the regular diminution in triplet width for the higher
exicted 3P levels. Now there is good reason to believe, as Mulliken* has

* ¢ Phys. Rev.,” vol. 32, p. 186 (1928).
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indicated, that both the normal and the initial Swan states of the molecule
are tnverted 3P states. This is discussed fully in the concluding part of the
present paper. It is not, however, possible to draw any conclusion from the
previous observation of the relative triplet widths in the two band systems as
to the character (normal or inverted) of the initial 3P level of the H.P. system.
On either hypothesis plausible values of the triplet separations can be con-
structed for the three known electronic states. We mention here, however,
that other considerations based on the construction of the C, molecule have led
us to the conclusion that the initial H.P. level is a normal state, and contrasts
in this respect with the other two. The

rotational transitions giving rise to the ;  Rray Py
H.P. bands are thus of the type shownin | 4 3% °P,
fig. 5. ' : 2 8zs B
1% °F,
(5) In fig. 4 in the unperturbed parts 5
of the R branches (between about 5; = 13} " ; 2 213 Z:z :
and 19%) it is of interest to compare the A % °p,
magnitude of the stagger in triples width,
in the case of the H.P. bands and the Swan R R BERE
bands. Although this isnot, as far as we pen SEL 8 S
can see, directly correlated with the 2% =i £ 2% °R
» . : LR § 34w
positional staggering of the triplets, . !
nevertheless its magnitude is probably an s A 8 "Z:Po
indirect indication of the magnitude of i — g ;'/231;'2
the o-type doubling (i.e., of the A-B sub- Fra. 5.—Rotational Transitions in a

state separation) in the three electronic typical H.P. Carbon Band.
levels. The observed stagger represents

the difference of these two separations for the initial and final states of that
particular system. As the magnitude of the effect is greater in the H.P.
bands than in the Swan bands (vide fig. 4), it follows that the AB sub-state
separation is considerably less for the initial state of the H.P. system than
for the initial state of the Swan system. It is therefore probable that the
latter is also smaller than the separation in the ground state.

The Structure of the Cy Molecule.
In an important new series of papers by Mulliken* (based on the previous
fundamental work of Hundt) we have laid for us the foundations of a detailed

* ¢ Phys. Rev.,” vol. 32, p. 186 (1928), and vol. 32, p. 761 (1928).
T ¢ Z. Physik,” vol. 36, p. 657 (1926); vol. 37, p. 742 (1927) ; vol. 42, p. 93 (1927), and
vol. 43, p. 805 (1927).
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knowledge of the structure of diatomic molecules. By such detailed knowledge
we mean the values of n,, [,, 6;, and s, (= }) for each electron of the molecule,
together with the resultant I, o;, o, and s of the molecule as a whole. The
methods which have been developed by Hund and Mulliken make use of band
spectra data such as the evidence of fine-structure analysis, energy of dis-
sociation, multiplet widths, and excitation potentials, and involve the important
basic principles applied by Hund to line spectra, and an extended application
~ of the Pauli principle to the * united atom.” This workis difficult to summarise
and reference should be made to the original papers. We proceed here to
deal specifically with the C, molecule. We must derive three different elec-
tronic structures which all give 3P states and for which the two known transi-
tions are possible and in accordance with the selection rule Al, = 4- 1. Our
knowledge of adjacent molecules CN, N,, and CO, must lead us to anticipate
that these particular transitions will be of the right energy order. It must be
shown that the molecule can be synthesised from two carbon atoms in low-
lying states, and conversely, the vibrational energy of dissociation of the
molecule in these three electronic states must be consistent with the states
of the two carbon atoms from which it can be built. Finally, we should be
able to account for the peculiar experimental conditions (high pressure carbon
monoxide) which seem to be necessary for the formation of one of the 3P
states of the C, molecule.

Table VI.—States of the Carbon Atom.

(1) (2) (3) (4) (5)
State State Detailed Component states Configura-
without with configuration in each tion
field. field. with field. configuration. summary.
P 38e (Lss)2 (25902 (2p2)2 (8) o1=0,0,=1,0, —1 s4p?
3Pe, | (1s)2(2s%)2(257) (2p?)| () o= +1,0,=1,0, —1 Sp
18p (Lss)? (285)% (252)% (1) o4=0,0,=0 &8
D PP | (LeP(26°2(282) (2p7) | (2) o= £ 1,0, =0 s5p
DD | (Lss)2(28°)2 (2p2) @2) ov=+2,0,=0 sip?
18 188 (Lss)2 (25%)2 (2p2)2 1) 0:=0,0,=0 sip?

In Table VI are given some data of the carbon atom. The three lowest
states of the atom are known to be °P, D, and 8, rising in the order given.
These arise from the carbon atom (15)%(2s)%(2p)2. In column 2 are given the
incipient states of the molecular type which are inherent in the atom when
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placed in an electric field. From these can be inferred the detailed electronic
configurations which give rise to them, by using the data of Table Iin Mulliken’s
paper. Details of these configurations are given in column 3. Column 4 gives
the number of component states for each configuration class. In column 5
is Mulliken’s brief and convenient summary of the configuration data of
column 3. This latter description of the quasi-molecular state of the *“ atom
in the field ”” is adequate for many purposes, inasmuch as when the molecule
is formed by bringing close together two such atoms (the strong inter-nuclear
field then replacing the artificial electric field) the molecular configuration class
is simply obtained by addition of these data. This is the o;, conservation rule.
We cannot, however, deduce the detailed structure of the molecule by merely
adding the two appropriate rows of column 3. The Pauli restriction principle
limits the number of electrons in the molecule of any given type, and to form
the molecule, ‘‘ promotion” of some of the electrons is necessary. This
convenient term is employed by Mulliken to indicate a forced increase of the
principal quantum number of an electron (accompanied, of course, by an
appropriate change Al, = 4 1lin ). ‘

Mulliken’s view of the structure of the C, molecule in its ground state and
in the initial Swan state is as follows :—

Ground State : (1s%)2 (2s7)2 (25°)2 (3s7)2 (2p7)3 (35%) : 3P, }

Initial Swan State : (1s%)* (2s?)2 (25°)2 (3s?) (2p”)? (8s°)2: 3PP (6)

The electron types are given in the order which experimental evidence shows
to be that of diminishing energy of binding. The characteristic (2p®)® group,
which requires one more electron to complete the shell, is responsible for the
inverted character of the triplet level. The molecule is assumed to be of the
s°p® type since this would give inverted *P levels, rather than, for example,
of the s"p° type which would have normal 3P levels. This is because in the
adjacent molecule CN there is definite evidence that (in contrast to the united
atom) the 2P levels are inverted, and therefore must contain the group (2p”)3.
The C, molecule given above in (6) can be constructed from carbon atoms in
several different states. We have selected from Table VI those pairs of atomic
states which will give a s°p® molecule in 3P molecule states, and have listed
these in Table VII. (The molecular states are derived by compounding each
pair of states of column 2.) Table VII is by no means a complete list
of the pairs of atomic states which will provide a 3P molecular state.
A considerable number of others can be derived from carbon atoms in
excited states such as 38, 1P, ®D, etc. The three states, 3Py 5, 1D, and 1S
VOL. CXXIV.—aA., 34
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Table VII.—Synthesis of States of the C, Molecule.
Atom states Atom states Molecular
without field. with field. states.

3P - 3p 3pr,, 4 3gP 1p, sp®: D, 5P,

3P + 1D QP + 1pD _ 3P1-P’ D, F

3P + 1D 3pp, 4 1DP spp D ¥ o3

3P 18 ) 3pe,, - 188 ‘ 3pr

are, however, the lowest states, and according to Fowler and Selwyn* their
[91017-3
term values (below the ionisation level) are 91002-5l, 81312 and 69860 v.
909750 |

All such pairs of atomic states from which the known 3P molecular states can
be synthesised, are theoretically possible products of dissociation. The actual
products can only be determined if the energy of dissociation (D) of the mole-
cule is known for that particular state. The values of D are known for
the ground state and the initial (Swan) state of the C, molecule. For the
ground state D, = D = 7-02 volts, and as Mulliken suggests, it is reasonable
to suppose that the products are two 2P atoms. For the initial (Swan) state
the data are less reliable. D, has been given as 5-0 volts,} and from this
D=50-+24=7-4 volts. Mulliken gives D, = 6:4 volts and from this
D =8-8 volts. It seems probable, however, as Mulliken suggests, that the
dissociation products of the molecule in this state are a ®P andD atom. From
Fowler and Selwyn’s data the D state corresponds to an excitation of about
v 9690 (= 1-2 volts) above the normal. In this case the bést value of D for the
initial (Swan) state is probably 7-0 4 1-2 = 8-2 volts, and hence D, should
be 5-8 volts. :

We shall now discuss the structure of the molecule in the initial H.P. state.
We can theoretically derive an excited inverted 3P state of the C, molecule by
displacing one of the (2s”) electrons to the (3s°) shell, but the energy to do this
is probably far in excess of the excitation potential (3:61 volts) of the H.P.
bands. Alternatively, we might imagine the outermost electron (3s°) excited
to (4s), but if so this type of transition is of the “ optical ’ type rather than of
the ““ X-ray ” type (to which the Swan bands belong).

Incidentally, we may remark that most of the molecular electronic transitions

* ¢ Roy. Soc. Proc.,” A, vol. 118, p. 34 (1928).
+ ¢ Phil. Trans.,” A, vol. 226, p. 181 (1927).
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discussed by Mulliken are described by him as of this “ X-ray * type. This
valuable conception seems to us to throw light on a puzzling feature associated
with the terms of many molecules. If the ionisation potential v; of the
molecule is available, it is well known that the effective principal quantum
numbers of the various terms can be deduced from v/R/(v; — v). Now for
molecular terms of the same type these quantum numbers are seldom found
to differ by unity—as they should do if, as in atoms, the electronic terms are
expressible by a Rydberg formula. We can thus say that if the effective
principal quantum numbers of molecular terms increase by unity (as in He,,
for example), this is evidence that the electronic transitions are of the atomic
or “ optical ” type. But if, asis frequently the case, there is no simple relation-
ship between the effective quantum numbers, it is evidence of the ““ X-ray ”
type of transition. There is, in fact, no simple meaning to be attached to the
effective principal quantum number of the molecular term in these cases. The
electronic transition giving the Swan bands, for example, is (3s%) = (3s%)
involving a change in I, only.

We are of the opinion that the structure of the C, molecule in the initial
(H.P.) state is : ’

(1s°)% (257)? (25)% (3s")% (2p")* (3s°) (3p") : *PP. (7)
This produces a normal *P state, and the electronic transition giving the H.P.
bands is (3p%) = (2p®). Details of the typical rotational transitions have
already been given in fig. 5. Unfortunately the H.P. bands consist of one
(n” = 0) progression only, and the vibrational energy of dissociation of the
molecule in this state is not known. We suggest, however, that the dis-
sociation products are possibly a P and a 18 atom, in which case we predict
D =963 volts, and hence D, = 963 — 3:61 = 6-02 volts.

The experimental conditions under which the H.P. bands are produced call
for some discussion. We should be disposed at first sight to imagine that a
C, molecule loaded with 361 volts energy could be produced in such gases as
COy, CyN,, C,H,, etc., as well as in CO. We incline to the opinion that the
difference is found in the comparatively low resonance potentials of these
gases. That of CH is 2-86 volts ; that of CN is 3-18 volts. C, molecules of
3+61 volts energy would be unlikely in the presence of a large excess of such
molecules as these which have lower excitation potentials. The inhibiting
effect of traces of hydrogen, water-vapour, carbon dioxide, etc., in CO is
explicable along these lines also. On the other hand the resonance potential
of CO is 5-98 volts,* and C, molecules of 3-61 volts energy will be capable of

* Corresponding to the excitation of the Cameron bands.

3 A2
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existence among these, inasmuch as collisions will be possible without loss of
energy. The role of pressure in the production of the spectrum is more
obscure. :

The absence of a combination system between the initial H.P. level and the
initial Swan level is in harmony with Hund’s selection principle Al, = -+ 1
for symmetrical molecules. On this basis the ground state and two excited
states have been classed as 3P,, 3P, and 3P, 2.

It is scarcely necessary to add in conclusion that there remain a vast number
of problems to which theory at present gives no answer. It is, for example,
remarkable that of the theoretically possible C, molecules which may be con-
structed from the data of Table VI: s2p, s°p3, s'%2 etc., we should only have
spectroscopic evidence of one of these, and that in this molecule (s°p®) only
the P state is found out of the possibilities 3P, 38, 3F, 1P, 1F, °P. Such problems
as these will require a fuller understanding of molecular structure.

Summary.

(1) The conditions of production of the high pressure carbon system and
the Swan system are discussed. Both these systems are due to a €y molecule.

(2) Four new H.P. bands have been found in the near ultra-violet, and two
more in the near infra-red. These, with the known bands, form a single
vibrational progression (n’ = 0), and the H.P. system and the Swan system
are found both to represent transitions to a common final state.

(3) The fine-structure of the H.P. bands (0, 4), (0, 5), (0, 8) and (0, 9) has
been investigated. The bands consist of P and R branches only, and.the
electronic transition involved is 3P,” —3P,". .

(4) Detailed examination of the structure of the R branches of these bands
has revealed several anomalies and perturbations of an unusual type.

(5) The methods employed by Hund and Mulliken for the elucidation of
molecular structure are summarised, and Mulliken’s application to the C,
molecule has been extended to cover the initial state of the H.P. system.
This is believed to be a normal *P level and different in this respect from the
two lower 3P levels which are believed to be inverted.
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